Transmission network reinforcements are being undertaken to meet renewable energy targets toward a low carbon transition. High-voltage direct-current (HVDC) links and seriescompensated ac lines are frontrunners in these developments. Although series capacitor installations can lead to subsynchronous resonance (SSR), HVDC links based on voltage source converters (VSCs) can be used to effectively damp SSR upon occurrence. An active damping technique to mitigate torsional interactions (TIs), a form of SSR, is presented. The damping scheme considers an active wideband filter to ensure positive damping in a wide range of subsynchronous frequencies. A state-space representation of the system has been formulated and eigenanalyses have been performed to assess the impact of the HVDC link on the TIs. A damping torque study for SSR screening is carried out, with results complemented with time-domain simulations to assess the accuracy of the smallsignal models. The test system is implemented in a real-time digital simulator and connected to a VSC-HVDC scaled-down test rig to validate the damping scheme through hardware-in-the-loop experiments. The presented damping method exhibits a satisfactory performance, with time-domain simulations and laboratory experiments showing a good correlation.
H IGH-VOLTAGE direct-current (HVDC) links and series compensation have been adopted as transmission network reinforcements to meet an increased electricity demand and renewable energy targets. However, these upgrades bring operability challenges to grid operators [1] , [2] . Particularly, series compensation may produce an instability phenomenon termed subsynchronous resonance (SSR) [2] [3] [4] . S. Balasubramaniam is with the Swansea University, Swansea SA1 8EN, U.K. (e-mail: s.balasubramaniam@swansea.ac.uk).
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Digital Object Identifier 10.1109/TPWRD. 2019.2924730 SSR is an electric power system condition where the electric network exchanges energy with a turbine-generator at one or more of the natural frequencies of the combined system below the synchronous frequency [3] . Although SSR is a topic that has been studied for several years, it has lately attracted significant industrial attention. For instance, the threat of SSR in the Great Britain (GB) transmission system is considerable given the recent installation of series compensation near the Anglo-Scottish inter-tie (the so-called B6 boundary) in the quest to maximize bulk power transmission [2] , [5] .
Network upgrades using HVDC links are an alternative to series compensation as they offer good reliability and controllability while providing additional services to network operators [1] . For example, in addition to fixed series capacitor banks and thyristor-controlled series compensators (TCSCs) being installed alongside, the 400 kV transmission network in the B6 boundary of the GB system has been reinforced with a submarine HVDC link at the West coast. An additional HVDC link is currently under construction at the East coast [2] , [5] . However, a careful SSR assessment of new HVDC installations nearby series-compensated lines should be performed given that interactions between HVDC links and turbine-generators have been reported [6] [7] [8] .
Traditional SSR mitigation schemes use filters placed either at the generator terminals or integrated with network components. Commonly employed generator-side mitigation measures include: passive filters tuned at specific subsynchronous frequencies (SSFs) [2] , and supplementary excitation damping control (SEDC), where SSR damping is achieved by modulating the excitation voltage of the generator [9] . Recent notable examples include the use of 11 kV variable frequency drives enabled with a subsynchronous damping controller (SSDC) [10] , and SEDC and torsional stress relay installed at the generator terminals for multi-modal SSR problems [11] . However, the aforementioned schemes are likely expensive as they are connected in series with the generator and, thus, should be rated to carry the full generator current [2] .
The use of SSR damping measures at a transmission level is also common. Solutions include the use of blocking filters installed with series capacitors and tuned to counter resonant conditions [2] . Other schemes consider active filter based-SSDCs embedded in power converters of HVDC stations and flexible ac transmission systems (FACTS) devices [6] , [12] [13] [14] [15] [16] [17] [18] . The addition of supplementary damping capabilities to an existing asset provides the most cost-effective solution for subsynchronous oscillation mitigation compared to other schemes [2] , [6] , [13] arguably, the use of a power converter exclusively for damping purposes represents an asset under-utilization. However, most of the proposed controllers are designed for specific operating points and, thus, are sensitive to the system configuration and loading conditions. Although schemes for the real-time estimation and on-line monitoring of SSF components may relieve the aforementioned issues [18] , [19] , they could be computationally intensive. For instance, even when [20] represents a good attempt to experimentally damp SSR, the practical contribution of the work is limited as the time to detect SSR and the precision of frequency estimation depend on the signal processing method used for the analysis of the input signal.
Active damping provided by power converters connected at the generator side has been also explored. For instance, a voltage source converter (VSC) topology for damping services and reactive power modulation of VSCs to damp subsynchronous oscillations have been reported [21] , [22] . In these schemes, the generator (or turbine) speed is used as an input signal to the SSDC, communication links are required to transfer such signal to the physical location of the SSDC, and active filters are required for SSR damping. However, communication failure or delays may affect the reliability of the scheme, which is undesirable due to the instability risks posed by SSR. Therefore, the use of local signals is preferred for damping when the compensating device providing the service is located physically far from the generator [6] , [10] .
In general, most damping schemes reported in the literature employ active filters tuned for specific torsional modes (TMs). However, different TMs may be excited depending on the series compensation level-limiting the adaptability of the schemes [19] . Additionally, active filter-based solutions may introduce undesired negative damping at sideband frequencies [16] . Taking into account the previous considerations, a wideband filter based damper (WBD) which can damp multiple TM frequencies is developed in this work. The paper builds on the efforts in [16] by assessing the performance of WBD-embedded HVDC links and their capability to concurrently provide power transfer and auxiliary SSR damping functionalities within their existing capacity. The proposed damper can be used regardless of system configuration and series compensation level. Eigenvalue and damping torque analyses are used to identify instability regions and to assess the effectiveness of the WBD-based SSDC. The damping performance upon small and large disturbances is verified through time-domain simulations. To assess and to validate its real-time operation, the SSDC is implemented in an experimental test-rig and hardware-in-the-loop (HiL) experiments are performed.
It should be emphasized that the scope of this work is on torsional interactions (TIs)-a type of SSR that may cause stress, fatigue, and ultimately failure and damage to the shafts [2] , [4] . At least initially, TI is a small disturbance condition where a sustained torque oscillation arises due to the interplay between the electrical modes of series-compensated lines with the mechanical modes of nearby thermal generation plants. The reader is referred to [3] , [4] for further information on other types of SSR. In addition to SSR phenomena, other type of subsynchronous interactions exist, such as the subsynchronous torsional interactions (SSTIs). As opposed to TIs, SSTIs do not involve series compensation. Instead, they arise from the incorporation of power converters into a power system and their interaction with turbine-generator shafts [5] . SSTI may result in shaft oscillations-although at a smaller scale than when TI occurs. Given that the focus of this paper is on series-compensated systems, the study of SSTIs is not considered.
II. SYSTEM CONFIGURATION UNDER STUDY

A. Reduced Great Britain Transmission Network
The three-machine model of the GB transmission system is used. The system is divided into three generation areas: Southern Scotland (SS), Northern Scotland (NS), and England and Wales (E&W), with ratings shown in Fig. 1 . Although it is arguably a simplified version of the GB system, it has been previously employed for SSR studies [13] , [20] , [24] , [25] . Despite its simplicity, it provides sufficient information to study and understand the SSR phenomena and to elucidate key concepts by reducing system complexity while keeping an appropriate weighting of the size of generation.
The model was originally designed in consultation with National Grid, the GB transmission system owner and operator, to resemble the operating conditions of mainland GB [13] , [26] . It has been upgraded to consider onshore and offshore infrastructure reinforcements to facilitate the transmission of additional wind power from Scotland to major load centers in the South without the construction of new overhead lines. Network upgrades are included as follows: the transmission line connecting the NS generator features series compensation and a VSC-HVDC link is connected between Buses 1 and 2. The NS generator considers a multi-mass shaft representation with six turbine masses. The SSR threat faced by the practical GB system is thus encapsulated in the model-emulating thermal generation plant in the proximities of the series compensation installations. The other machines were modeled as generators with a single mass shaft representation [27] .
Although shaft dynamics are key for TI analysis, it should be emphasized that there is a lack of availability of shaft data for the GB power system [5] , [28] . Despite this shortcoming, the shaft representation adopted in this work considers a realistic range of TM frequencies [29] . In addition, levels up to 35% of series compensation have been deemed as safe from SSRin line with frequency scanning studies conducted by National Grid and Scottish Power Energy Networks [30] . Even when aggregated generator models have been adopted, a quick characterization of the SSR phenomenon can be performed, damping schemes tested, and the lessons learned can be readily be transferred to the practical power system itself-in the same manner as it has been conventionally done through the use of classical IEEE benchmark models for SSR studies [31] , [32] .
B. VSC-HVDC Link Modeling
The HVDC link is operated primarily to transmit active power and to provide reactive power support at the point of common coupling. Fig. 2 illustrates the control strategy. The variables to be controlled are active and reactive power for the rectifier terminal (VSC1) and dc voltage and reactive power for the inverter terminal (VSC2). For the detailed modeling of the HVDC link with associated controllers, the reader is referred to [25] , [33] . The control parameters are included in the Appendix for completeness.
III. SSR ANALYSIS
A. Eigenvalue Analysis
A state-space model of the system shown in Fig. 1 has been developed. It considers the dynamic equations of the synchronous machines, transmission lines, and HVDC link. This is a system of 77 differential equations linearized around an operating point (not included due to space limitations). The results shown in this section were presented in [20] ; however, they are reproduced here for completeness of the SSR analysis.
The state equation and state vector are given by
where X NG , X Nω , and X Nθ constitute the states associated with the NS generator; X T the series-compensated transmission line; X SG , X EW G the SS and E&W generators; and X V SC the VSC-HVDC link.
To perform eigenanalysis, system (1) has been constructed in MATLAB. The unstable TMs (TM1-TM4) related to the shaft of the NS generator may be excited at different levels of series compensation. The ranges for which torsional instability arises are shown in Fig. 3 . System stability is directly related to the subsynchronous mode of the series-compensated transmission line linked to the NS generator (termed SUB). Instability occurs whenever SUB is in the vicinity of the frequencies of TM1-TM4-evidenced by the real part of the eigenvalues.
Relevant eigenvalues for 30, 40 and 75% series compensation of the transmission line connecting Buses 1 and 2 are summarized in Table I . The system is stable for 30% of compensationin line with [30] . However, for 40%, SUB ( 30.7 Hz) interacts with TM4 of the shaft ( 29.6 Hz). As a consequence, SSR arises and TM4 becomes unstable, evidenced by the positive real part of the eigenvalue. Similarly, for 75%, SUB ( 23.61 Hz) interacts with TM3 ( 23.37 Hz), as shown by the corresponding eigenvalue. Upon such conditions, faults and scheduled / unexpected switching actions may result in oscillations, rendering the system unstable.
The rationale for selecting the arguably high compensation level of 75% is to analyze the WBD performance under an extreme operating condition. Such a level of series compensation is not unrealistic as it has been implemented in practical installations-as reported in [17] , [34]- [36] .
B. Damping Torque Analysis
To verify the eigenanalysis, an EMT-based electrical damping analysis is performed. A distinctive feature of this method over eigenanalysis is that the VSCs are modeled in detail with all their components-including switches and delays associated with the valves [6] , [37] . In addition, the contribution made by the VSC-HVDC link towards the electrical damping of the nearby generator unit can be assessed.
In general, the electromagnetic torque of the generator is:
where P e is the electrical power, T e0 is a constant torque depicting the generator output power at the fundamental frequency, and ΔT e is the perturbed electromagnetic torque from torsional oscillations. ΔT e is divided in two components:
The synchronizing torque component T s Δθ acts as an auxiliary spring on the rotor and is in phase with the angular displacement. The damping torque component T d Δω acts as a damping element and is in phase with the angular velocity. Substituting Δθ = Δω/jω yields
The electrical damping factor can be obtained with (5) using the electrical torque and machine speed. To this end, a perturbation signal is injected to produce a small fluctuation in the turbine speed Δω. Electrical damping can be assessed by quantifying the resulting perturbation in electrical torque ΔT e . Consider a perturbation signal modulated at frequency f mf :
where A 1 is the magnitude and φ 1 the phase angle of the injected perturbation signal. The corresponding electrical torque component T e (f mf ) is given as
where B 1 and φ 2 are the magnitude and phase angle of T e (f mf ).
The damping factor D e (or T d ) is computed as
If D e in (8) is positive for the entire subsynchronous range, there is a low risk of SSR. Conversely, negative values of D e indicate the possibility of SSR occurrence [6] , [37] . An SSR screening for the system in Fig. 1 was done, with results shown in Fig. 4(a) . A perturbation was applied for the whole subsynchronous range (0 to 50 Hz) using (6) . The selection of A 1 was made carefully to avoid affecting the system's steady-state operation, with A 1 = 0.001 p.u. The disturbance was applied with the system in steady-state and the damping factor recorded after a few cycles. The compensation level was varied from 0 to 90%. The TMs of the NS generator as identified from the eigenanalysis are shown with red circles. The damping torque traces reveal the levels of compensation at which the maximum interaction takes place. This occurs for frequencies in the TMs' vicinity-for compensation levels of 40, 75, and > 90%. Moreover, it is clearly seen that a greater risk of SSR is associated with high compensation levels. To further evaluate the impact that the HVDC link has on SSR, the damping profile of the GB network at 40% of series compensation is evaluated for three different conditions. The cases correspond to the test system without an HVDC link, with an HVDC link connected and operated at no-load, and with an HVDC link connected at full-load. Results are shown in Fig. 4(b) . It can be seen that the negative peak slightly diminishes when the HVDC link is in service-irrespective of the loading condition. However, the HVDC link cannot sufficiently increase the network damping by itself under maximum TIs-such as the one occurring at 40% of series compensation. Although the damping torque increases with an increase in the loading condition, this effect can be considered as negligible when it comes to its contribution to SSR damping.
IV. WIDEBAND DAMPING APPROACH
As shown in Section III, a VSC-HVDC link by itself neither affects system stability nor substantially contributes to system damping. However, its control flexibility may be exploited to provide ancillary services. Following this line, a WBD embedded in a VSC station of the HVDC link is presented as an auxiliary controller to damp SSR upon occurrence.
The WBD scheme presented in this section provides positive damping in a wide range of frequencies within the subsynchronous region (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , which coincides where the TMs of turbine-generators within the GB system lie [29] . Since these modes of oscillation are fixed as long as the generator rotor or turbine blades are not replaced [38] , a properly designed WBD may achieve sufficient damping for the entire frequency range of interest irrespective of changes in the configuration of the transmission network-with minimal impact on the operation of the HVDC system. Damping is deemed sufficient if the magnitude of speed oscillations or rotor angle drops to less than 15% of the peak deviation in the following 20 s of a disturbance, as established by National Grid [2] . ). The WBD adopted in this paper has the form
which is a second order bandpass filter, where ω c is the center frequency, Q the quality factor, and k W BD the filter gain. The WBD should follow relevant TMs and allow for a zero phase shift around ω c . The WBD in (9) is embedded in the VSC control system (see Fig. 5 ). The value of ω c is selected first based on the locations of the TMs of the turbine-generator-which are constant and typically in the range of 15 to 30 Hz (94 to 188 rad/s). The damper design is easy if the TMs to be damped are known beforehand. However, if prior knowledge of their exact location is not available, it is recommended to select ω c as the middle value in the aforementioned frequency range [16] .
For the test system adopted in this paper, the selection of ω c has been made under the assumption that the TMs are known. As concluded through eigenanalysis (see Section III-A), TM3 (26 Hz) and TM4 (20 Hz) correspond to 75 and 40% of series compensation and, thus, the center frequency is selected as ω c = 150.72 rad/s (2π × 24 Hz).
Once ω c is determined, care should be exercised when selecting Q and k W BD . To ensure an adequate damping performance over the SSF range of interest and to minimize the impact on the normal operation of the HVDC system, a magnitude of |G d (s)| > 10 dB at ω c is recommended-which can be achieved through the suitable selection of k W BD [16] . On the other hand, the passband range is determined by Q. A large value of Q would lead to a narrow band for frequencies to be damped and, conversely, a small value increases the width of the band. As a rule of thumb, large values of Q and k W BD should be avoided as different TMs may be triggered. A parametric study is carried out to select Q and k W BD . Fig. 6 shows the frequency response of G d (s) for different values of Q, whereas Fig. 7 considers parametric variations in k W BD . As it can be observed, the selection of Q and k W BD has a significant impact on the frequency characteristics of the damper. Based on the frequency responses provided by Figs. 6 and 7, the remaining design parameters of (9) are chosen as Q = 0.5 and k W BD = 4. The resulting WBD is given as
which has a magnitude over 10 dB at the center frequency and a frequency band wide enough to damp the TMs of interest. This filter structure is kept for both the simulation and experimental results presented in subsequent sections.
To gain further insight into the damping contribution afforded by the WBD-enabled VSC, the electric damping profiles for the system under study with 40 and 75% series compensation are shown in Fig. 8 . As it can be observed, a negative electrical damping profile results when the WBD is not in operation, with large negative peaks centered at the location of TM3 and TM4. This is consistent with the eigenanalysis in Section III, as SSR is exhibited for such values of series compensation. However, when the WBD is in service a positive damping is provided instead at frequencies around the TMs. This implies that the system is being compensated at critical frequencies and stability is preserved.
To support the previous analysis, the relevant eigenvalues of the WBD-upgraded system are summarized in Table II . As it can be observed, the frequency of SUB shifts away from that of TM3 and TM4 if the damper is in operation. As a result, the system is stable, with TM3 and TM4 now exhibiting a negative real part (see Table I for comparison with the system without WBD). These results verify that the proposed approach is able to stabilize multiple TMs of the GB system model.
Note: It should be highlighted that the adopted approach offers advantages over passive filter-based schemes. For instance, modal filter-based schemes require a precise knowledge of the shaft dynamics. Separation filters, associated phase shifters and compensation gains for each TM are also needed [16] . As a result, extensive studies are required to ensure the effectiveness of the scheme across a wide range of operating conditions [38] . If a single TM is targeted, the filter may need to be re-tuned following transmission network changes as other TMs may be excited. Adaptive schemes may relieve these issues, but they bring an economic burden to asset owners as each generator unit would require separate filter banks.
Instead of designing filters for each TM and by-passing other modes, the WBD does not require further re-tuning to act on multiple TMs since the design accounts for a wide frequency band of operation. Damping will be provided irrespective of the network configuration or operating condition since the TMs remain fixed. In addition, given the uncertainty around key shaft data in the GB system (e.g. inertia constants, torsional stiffnesses, damping coefficients), the WBD-based solution is of practical relevance. Although it may be interesting to compare the performance of a modal-based approach against the WBD scheme, this falls out of the scope of the paper. 
V. TIME-DOMAIN RESULTS
To verify the damping torque analysis and WBD design, timedomain simulations of the system shown in Fig. 1 have been carried out in PSCAD/EMTDC for both small and large disturbances. Results have been obtained for a WBD-upgraded VSC and when the WBD is not in service.
A. Small Disturbance Analysis
A small disturbance is achieved by modifying the series compensation level (i.e. value of X c ). A level of 20% is initially selected to ensure that the system is stable and in steady-stateas suggested by Fig. 3 . Simulations are performed for changes in compensation to 30, 40 , and 75% at t = 4 s, with results shown in Fig. 9 when the WBD is not employed. As it can be observed, the system remains stable for 30% compensation, as expected. However, for changes to 40 and 75%, the system becomes unstableevidenced by the growing oscillations in torque ( Fig. 9(a)-(b) ), dc power ( Fig. 9(c) ), and frequency ( Fig. 9(d) ). Such torque responses would eventually damage a generator shaft if corrective measures are not taken.
Changes in compensation level to 40 and 75% cause the current of the NS generator to deviate from its normal operating condition, as evidenced in Fig. 10(a)-(b) . Fig. 10(c)-(d) show the fast Fourier transform (FFT) of the line current, where SSF components for 40% (at 20 Hz) and 75% (at 26 Hz) compensation are observed. These components are the complements, respectively, of the frequencies of TM4 (≈30 Hz) for 40% and TM3 (≈24 Hz) for 75%. These results are consistent with the information provided by Fig. 3 (summarized in Table I ) and with the damping profile in Fig. 4 , as for 40 and 75% compensation the real parts of TM4 and TM3 become positive, respectivelyhence representing unstable conditions. Moreover, the results clearly show that the VSC on its own does not provide sufficient system damping following a change in compensation. Without proper countermeasures in place, system operation could be compromised due to SSR.
Simulations are repeated for a WBD-upgraded VSC. Its contribution to SSR damping is examined by changing the compensation level from 20 to 40% at t = 4 s and subsequently to 75% at t = 18 s. Selected torque responses are shown in Fig. 11(a)-(c) , with the network frequency provided in Fig. 11(d) . As it can be observed, the inclusion of the damping controller prevents SSR from developing. Fig. 12(a) shows the successful mitigation of SSF components in line currents, which is further corroborated by the FFT spectrum of the line current for 40 and 75%, as shown in Fig. 12(b)-(c) . Fig. 13 shows the HVDC link dynamics when the WBD is employed. As it can be observed, fluctuations in dc voltage (V dc ) are negligible upon changes in series compensation (see Fig. 13(a) ). The active power (P 1 ) is modulated around 4% to achieve a satisfactory damping performance (see Fig. 13(b) ). SSR damping is achieved with the injection of SSF dq current components of a similar magnitude (I dSU B and I qSU B ), as shown in Fig. 13(c) . It should be emphasized that the magnitude of the injected damping currents before the disturbances is zero; however, as the level of series compensation is changed this increases to 0.25 kA (0.12 p.u.), which is then brought back to zero by the WBDenabled VSC. The additional transients due to the modulation in dc power and voltage are within the converter capability and do not affect the normal operation of the HVDC link.
B. Large Disturbance Analysis
To assess system operation under a large disturbance, a threephase-to-ground fault on the series-compensated line is simulated. The fault has a duration of 0.075 s and it occurs at t = 4 s into the simulation. A compensation level of 75% is considered. Results are shown in Fig. 14 both for a WBD-upgraded VSC and when the damper is not in operation. As it can be observed, system performance following fault clearance is compromised by SSR when the WBD is not active. However, an adequate system operation is exhibited when the WBD in VSC1 is enabled: mechanical torque oscillations decrease quickly (see Fig. 14(a)-(b) ) and the dc link voltage and active power resume to the pre-fault condition (see Fig. 14(c)-(d) ).
The results in this section confirm the capability of the WBD to damp SSR triggered by either small or large disturbances.
Note: The implementation of the WBD scheme presented in this paper focuses on TIs and other forms of SSR have not been considered. For instance, the induction generator effect (IGE) does not have a significant effect on TM stability [40] , [41] . If IGE were to be analyzed, it could be approximately accounted for by inserting a negative resistance effect to subsynchronous currents in the transmission line. Existing literature has reported that in this case the network modes remain constant or fall within 15-30 Hz [42] , which is incidentally the frequency range for which the WBD has been designed. Although it would be expected that the presented WBD scheme is capable of damping the oscillations induced by IGE, this falls out of the scope of this paper and requires further investigation.
VI. EXPERIMENTAL VALIDATION
To investigate the real-time operational characteristics of the WBD-based damping scheme, experimental tests are carried out on the multi-platform network shown in Fig. 15 . These tests aim to assess the converter performance and its capability to achieve adequate SSR damping in the range of subsynchronous frequencies of interest.
A. Real-Time Hardware-in-the-Loop Configuration
Investigation of SSR and testing of damping schemes either in a practical power system or in a laboratory configuration is difficult and potentially dangerous [6] , [39] . However, representative results can be achieved using an RT-HiL experimental platform. The platform adopted in this work consists of a real-time digital simulator (RTDS), a grid simulator (GS), and an HVDC test-rig. The connection of these components is depicted in Fig. 15(a) . To perform the experiments, the three-machine GB system was modeled using the RSCAD software of the RTDS. This considers the turbine-generator models (including the multi-mass shaft representation for the NS generator), the transmission lines including series compensation, and loads, but does not include the VSC-HVDC link shown in Fig. 1 . The HVDC is instead represented with the physical test-rig, which is built up using the VSC cabinets and dc network shown in Fig. 15(b) . Both platforms are connected using the GS, which interfaces the analogue output (GTAO) cards of the RTDS firmware with the HVDC test-rig at suitable voltages.
The GS produces a three-phase mains supply voltage from the AO cards of the RTDS. This is achieved by using a fourquadrant amplifier rated at 2 kVA and 270 V (line-to-ground rms). To close the loop between the RTDS and the HVDC rig, the three-phase line current is tapped and fed to the analogue input (GTAI) card of the RTDS.
The HVDC test-rig is formed by two VSCs, two transformers, and a dc network cabinet. The VSCs are operated at a rated power of 1 kW, 140 V ac and ±125 V dc. Through the GS, a conversion ratio of 400 kV/140 V is achieved. A dSPACE platform is used to acquire data and monitor system states of the test-rig to control each VSC. The hardware set-up is shown in Fig. 15(b) . Key parameters and specifications of the experimental platform are provided in Table III .
B. Experimental Results
The RT-HiL experiments were performed for a small disturbance. The experiment starts with the system operating in steady-state and 30% series compensation. The compensation level is increased to 40% at t = 4 s and subsequently to 75% at t = 12 s. Experimental results are shown in Fig. 16 . As it can be observed, SSR is present if the WBD at VSC1 is not active ( Fig. 16(a) )-evidenced by the system frequency and selected torques between shaft sections. Conversely, SSR is effectively damped when the WBD is in operation irrespectively of the value of series compensation ( Fig. 16(b) ). Fig. 17 shows the dc voltage and output power of VSC1 with and without the damping scheme in place. If no corrective measures are taken upon an SSR event, the magnitude of these variables would surpass the converter limits. Moreover, the system becomes unstable. Conversely, if the WBD is enabled, SSR is avoided. Notably, the damping service is provided without the need for overrating the converter-the dc voltage and power are within the converter capabilities. These results experimentally verify the analysis from Section III and validate the simulation results in Section V. An additional experiment is carried out when the system is subjected to a large disturbance. To this end, a three-phase-toground fault is applied at the series-compensated line (i.e. modeled in the RTDS). A compensation level of 75% is considered. The fault is applied at t = 4 s for 75 ms on Bus 2 using a fault impedance Z f (see Fig. 15(a) ). Results are shown in Fig. 18 . As it can be observed, the performance of the system after fault clearance is compromised due to SSR when the WBD is not in service-evidenced by the increasing oscillations in machine torques and dc link variables. However, the system successfully recovers when the WBD is in place.
VII. DAMPING SENSITIVITY AND LIMITATIONS OF THE
WBD-BASED SCHEME
A. Impact of Generator Modeling and Damper Location
To further assess the performance of the WBD, a multi-mass shaft representation as in the NS generator has been included to the E&W generator (see Fig. 1 ). The WBD has been implemented in both converter stations of the HVDC link-in line with the approach being followed for the Western link [5] . Changes in series compensation take place from 20 to 40% at t = 4 s and then to 75% at 12 s into the simulation. The discussion is centered around the E&W generator.
Simulation results are shown in Fig. 19 . As it can be observed in the torque response of the generator, the initial change in series compensation produces SSR if the WBD is not in service in either converter station. Conversely, damping is achieved when a WBD is active, irrespective of its location, or if the two WBDs are in service.
An additional simulation is carried out for the system in Fig. 1 (i.e. multi-mass shaft representation only in the NS generator), but the WBD is embedded into both terminals of the HVDC link. A change in compensation from 20 to 75% takes place at t = 4 s into the simulation (this would result in SSR for a system without the WBD being activated, as shown in Section V-A). Simulation results are given in Fig. 20 . Fig. 20(a) shows selected torque responses with the WBD in operation. As it can be observed, damping is preserved with the WBD installed only at the inverter terminal. However, the torque oscillations decay more slowly compared to when the WBD is active at the rectifier terminal only. Having the damper installed at both converters brings no substantial improvement, which is not unexpected due to the location of the multi-mass shaft. Fig. 20(b) shows the FFT spectrum of the line current of phase a, which supports the previous discussion. It can be concluded from the results presented in this section that the location of the SSR damper should be chosen as close as possible from the vulnerable generators. If both terminals of an HVDC link are upgraded with the damping scheme, the VSC terminal closest to the affected generator should provide the damping services to achieve a better performance.
B. Impact of AC System Strength
The strength of the system is usually quantified with the effective short circuit ratio (ESCR), defined as [40] , [43] 
where S sc is the short-circuit capability of the ac system, Q sc is the total rated reactive power at the bus where an HVDC system is connected, and P dc is the rated power of the HVDC system. If ESCR ≥ 2.5, a network is considered as strong.
It has been reported that network modes shift to higher frequencies if ESCR decreases [43] . Such a reduction is related to an increase in the transmission line reactance (X l ), which reduces the network's resonant frequency (ω r ) as X c X l decreases. This, in turn, has the effect of increasing the frequency of SUB as this is the complement of the resonant frequency (i.e. ω 0 − ω r , where ω 0 is the fundamental frequency). However, SUB still lies within the range of the TMs.
A simulation is carried out to examine the impact of ESCR levels when the WBD is in service. The series compensation level changes to 75% at t = 2 s into the simulation to produce SSR. As shown in Fig. 21 , a low ESCR of 1.8 representing a weaker system does not have a severe impact on the damping performance compared to that of a stronger system with an ESCR of 3. In other words, the damping capability is still preserved for weak systems-at the expense of the affected generators exhibiting torque oscillations for a longer time.
C. Limitations of the WBD-Based Scheme
Despite the advantages exhibited by the presented WBDbased scheme, care should be exercised prior to its adoption. For instance, the damping performance may be affected by the location of the HVDC converter terminal. Given that the scheme relies on the use of local measurements, damping will not be achieved quickly if the generator susceptible to SSR is far away. In this case, the growth of the torsional oscillations may not be reflected as quickly through remote voltage or current signals as it would through shaft speed measurements at the location of the affected generator. To relieve this shortcoming, the damping structure could be incorporated into any power electronics-based controller located in the vicinity of the generator-however, this requires further investigation that falls out of the scope of this paper.
On the other hand, the scheme may not be suitable to damp subsynchronous control interactions (SSCIs)-another form of subsynchronous oscillations arising when the modes of seriescompensated transmission lines interact with control systems of power converters from FACTS devices or wind turbines [5] , [44] . SSCI is a purely electrical phenomenon where the resonant frequency is not fixed and may fall outside of the frequency band considered by the WBD. Further work is required to suitably address SSCIs.
VIII. CONCLUSION
This paper has assessed the use of an SSR damping scheme based on an active wideband filter embedded in an HVDC link. Besides conducting a software-based verification of the scheme, this has also been experimentally validated, in real-time, using an HiL platform. Results show that the system operation under SSR events is not compromised and that damping can be contributed using the existing capacity of the converters in addition to the provision of bulk power transfer. The results obtained from simulation and experimental platforms exhibit a good correlation.
The damping scheme is applicable to any power system configuration. Despite its simplicity, it offers an effective performance without relying on communications or complex signal processing techniques. A significant advantage over other damping methods is its capability to damp multiple TMs within the SSF range-therefore mitigating the risks arising from uncertainty in the mechanical parameters of turbine-generators. In addition, the damper structure may be easily transferred to any other power converter-based equipment. This may be useful if an HVDC converter terminal is not located nearby a turbine-generator exposed to SSR. These characteristics make of the presented scheme an attractive solution towards practical deployment.
Besides experimentally demonstrating the suitability of the WBD-based scheme, possible design errors, interaction between hardware components and fault diagnostics were assessed in a multi-platform experimental test-bed. Due to the system instability associated to SSR and the real-time nature of the experiments, there was always the latent risk of permanently damaging equipment. It is difficult and potentially dangerous to emulate unstable operating conditions such as SSR in practical power systems. The real-time configuration presented in this paper serves this purpose and, arguably, contributes to reducing operational risks by facilitating a controlled and safe environment for testing potentially catastrophic conditions.
APPENDIX
A. VSC-HVDC Control System Parameters
The PI controllers are represented in the form: K(s) = K p + K i /s. Two-level VSCs: Current: K p = 50, K i = 15000. DC voltage: K p = 0.2, K i = 200. Active power: K p = 0.2, K i = 200. Reactive power: K p = 0.2, K i = 200.
B. Turbo-Generator Parameters
Machine rating: England and Wales: 21000 MVA, 400 kV. Southern Scotland: 2800 MVA, 33 kV. Northern Scotland: 2400 MVA, 33 kV. Base frequency: f b = 50 Hz, ω b = 2π f b .
Synchronous generators (on base of machine rating): R a = 0.002, X d = 0.17, X q = 2.07, X q = 0.906, X q = 0.234, X d = 0.308, X d = 0.234, X mq = 1.9, X md = 1.96, τ do = 6.08s, τ do = 0.0526s, τ qo = 0.0.353s.
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